& Functional magnetic resonance imaging was employed before and after six native English speakers completed lexical tone training as part of a program to learn Mandarin as a second language. Language-related areas including Broca's area, Wernicke's area, auditory cortex, and supplementary motor regions were active in all subjects before and after training and did not vary in average location. Across all subjects, improvements in performance were associated with an increase in the spatial extent of activation in left superior temporal gyrus (Brodmann's area 22, putative Wernicke's area), the emergence of activity in adjacent Brodmann's area 42, and the emergence of activity in right inferior frontal gyrus (Brodmann's area 44), a homologue of putative Broca's area. These findings demonstrate a form of enrichment plasticity in which the early cortical effects of learning a tone-based second language involve both expansion of preexisting language-related areas and recruitment of additional cortical regions specialized for functions similar to the new language functions. &
INTRODUCTION
One of the central questions in cognitive neuroscience is how a second language is acquired. According to the critical period hypothesis, puberty is accompanied by a loss of neurological plasticity of the brain, resulting in a reduction in language learning ability (Lenneberg, 1967) . Nonetheless, investigations of cortical plasticity and the acquisition of perceptual and motor skills in adulthood (Recanzone, 2000; Karni et al., 1995; Karni & Sagi, 1993) suggest that cortical representations may be continuously shaped throughout life (Van Turennout, Ellmore, & Martin, 2000) . This notion is also consistent with findings that language-related cortical responses differ as a function of linguistic experience (Gaillard et al., 2000; Perani et al., 1998; Kim, Relkin, Lee, & Hirsch, 1997; Yetkin, Yetkin, Haughton, & Cox, 1996) . However, the corresponding modifications in the neurobiological systems that underlie the acquisition of a second language have not been determined (Binder, 1999) .
Functional magnetic resonance imaging (fMRI) was employed to investigate the cortical effects of learning Mandarin as a second language by adult native speakers of American English. Specifically, in this study, we asked if the neural changes associated with learning Mandarin lexical tones occurred within known language-related areas and/or within new regions recruited for these functions. Secondly, we asked if learning-related neural changes were represented by centroid shifts or variations in volumes of activated cortical regions.
Tone contrasts in Mandarin Chinese with lexical significance were taught to native speakers of American English by a focused training program, and functional brain images were acquired before and after completion of the course. Mandarin has four distinct lexical tones that differ primarily in pitch height and contour shape. For native speakers, the neural substrate underlying the ability to identify lexical tone is predominantly lateralized in the left hemisphere (Wang, Jongman, & Sereno, 2001; Van Lancker & Fromkin, 1973) , whereas other nonlexical pitch-related perceptual abilities are predominantly lateralized in the right hemisphere (Goodglass & Calderon, 1977; Blumstein & Cooper, 1974) . The left hemisphere specialization for lexical tone is not characteristic of adult nonnative Mandarin speakers (Hsieh, Gandour, Wong, & Hutchins, 2001; Klein, Zatorre, Milner, & Zhao, 2001; Wang et al., 2001; Gandour et al., 2000) . Although native and nonnative speakers process lexical tone differently, nonnative learners' ability to identify linguistic contrasts can be significantly improved after a short perceptual training program (Wang, Spence, Jongman, & Sereno, 1999; Logan, Lively, & Pisoni, 1991; Jamieson & Morosan, 1986) . For example, American learners of Mandarin showed a 21% increase in correct tone identification after approximately 5 hours of structured perceptual training within a 2-week period. Moreover, this improvement generalized to new contexts and was retained when tested 6 months after training (Wang et al., 1999) . In this study, the same structured training paradigm was employed to observe the cortical substrates that underlie the processes involved when nonnative speakers learn Mandarin lexical tones. Thus, the related neural changes were directly associated with the process of learning to identify lexical tones in the context of Mandarin words.
Six college-age native speakers of American English who were beginning learners of Mandarin participated in the study. The study involved two identical fMRI scans: an initial scan prior to training and a follow-up scan 2 weeks after training. Each scan consisted of baseline and stimulation periods. During the stimulation period, subjects performed a tone identification task in which they were required to identify 40 auditory presentations of Mandarin lexical items. Each word bore a tone that belonged to one of four possible tonal categories. In the same session, subjects also performed related control tasks with visual, auditory, and motor components. These results were separated from the lexical tone identification images and thus served to increase the specificity of the tone-training results. All brain images for each subject were computationally aligned to allow direct comparisons between pre-and posttraining scans. Anatomical labels, Brodmann's areas, and atlas sectors were assigned to the active regions based on judgments of brain atlas correspondence (Talairach & Tournoux, 1988) .
RESULTS
In concordance with the previous tone-training study (Wang et al., 1999) , the behavioral results in this study demonstrated, on average, a 24% increase in correct identification of the Mandarin lexical tones, where the pretraining average was 64% correct and the posttraining average was 88% correct, t(5) = À2.6, p < .05 (Table 1) . This overall behavioral improvement was the basis for investigating the associated cortical changes. One subject, M.R., reached ceiling performance pretraining (95% correct) and did not show improvement in tone identification (posttraining: 95% correct). He was considered separately in the subsequent imaging analyses. Table 2 lists all cortical regions that were active in both the pretraining and posttraining scans for all five subjects. Tabled values are Brodmann's areas and the right column indicates conserved areas. An area is considered conserved if it is present across all subjects. In the left hemisphere, these areas include the medial frontal gyrus (BA 6, corresponding to supplementary motor cortex), the inferior frontal gyrus (BA 44 and 45, corresponding to Broca's area), the superior temporal gyrus (BA 22, corresponding to Wernicke's area), and the middle temporal gyrus (BA 21, corresponding to secondary auditory cortex). The superior and middle temporal gyri (BA 22 and 21) were also conserved pre-and posttraining within the right hemisphere. Additionally, left BA 42 was conserved in all subjects during the posttraining scan, but not during the pretraining scan. Right BA 44 was also conserved during the post-but not the pretraining scan, although individual analysis showed that three out of five subjects did show activity during pretraining scan in this area.
A comparison of the centroids of the regions activated before and after training indicated that the locations on average did not differ significantly from the pretraining scan to the posttraining scan for those areas conserved for both scans. The average locations (represented in x, y, and z coordinates) of the conserved active cortical regions for the pretraining and posttraining conditions are shown in Table 3 .
The average number of posttraining activated voxels in the left superior temporal gyrus, BA 22 (1111 ± 443) exceeded the average number in the pretraining scan (797 ± 409), t(4) = À2.9, p < .044. No other volume differences were observed (Table 4 ). This increase of activity within Wernicke's area was not a byproduct of overall variation from pretraining to posttraining because the total number of activated voxels across subjects, for all areas, did not differ for the pretraining scan (average = 12,989 ± 5,027) and the posttraining scan (average = 12,851 ± 4,978), suggesting that the increase in active voxel count for BA 22 was a localized effect of tone training. Figure 1 presents representative images for a typical American trainee (Subject K.D.), illustrating the areas where significant changes were observed before and after training. The figure displays three consecutive axial slices (horizontal sectors: +8, +12, and +16 mm), showing the increase in volume of activation in Wernicke's area while performing a Mandarin lexical tone identification task in the pretraining and posttraining scans.
Overall, the present study shows that, across pretest and posttest scans, multiple brain areas were activated bilaterally in both anterior and posterior regions. Comparing the change during before and after training scans, the results reveal an increase in magnitude of posttraining activated cortex in left superior temporal gyrus (BA 22), as well as the emergence of conserved activation in a neighboring region (BA 42) and in the right hemisphere inferior frontal gyrus (BA 44). Taken together, these findings demonstrate both the modification of an existing language-related area and the recruitment of new cortical regions to serve the new lexical tone identification function. These findings are summarized in Figure 2 where areas conserved both pre-and posttraining (red) as well as the posttraining emergence of new regions (yellow) are located on axial slices of the Talairach and Tournoux's (1988) human brain atlas.
Similar tone identification data were acquired from two right-handed male native speakers of Mandarin Chinese, using the same stimuli as in the pretraining scan for the American learners and the same visual, auditory, and motor control tasks. Figure 3 shows a representative image (horizontal sector: 12 mm) for one of the two native Mandarin subjects demonstrating regions of activity when performing the Mandarin tone identification task, with predominant activation in left hemisphere language-related regions.
DISCUSSION
Learning tone-based distinctions is a fundamental aspect of learning Mandarin as a second language and particularly challenging to native speakers of American English because lexical tone does not have a direct correlate in American English. The four patterns of lexical tone serve a contrastive purpose in Mandarin, that is, they distinguish between words. The acoustic properties of lexical tone are most closely related to patterns of prosody in English (i.e., stress, accent, intonation). This imperfect correspondence of Mandarin lexical tone with any one property of English adds an additional burden to learning Mandarin as a second language. Indeed, current theories posit that language acquisition patterns are influenced by linguistic experience (Kuhl, 2000; Jusczyk, 1997; Best, 1995; Flege, 1995) . For example, infants as young as 6-8 months can distinguish a range of phonetic contrasts whether they occur in their native language, but the ability to discriminate nonnative contrasts declines significantly by about 10-12 months (Werker & Tees, 1984) . It has been proposed that this decline in sensitivity to nonnative contrasts is related to the process of assimilating specific instances to prototypes established as a result of linguistic experience (Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992) . Along these lines, adults often experience difficulty in perceiving nonnative phonetic contrasts, presumably because the categories specific for one's native language differ from those of the nonnative language (Kuhl, 2000) . Nonetheless, discrimination of nonnative contrasts can be significantly improved by experience (Flege, Takagi, & Mann, 1995; MacKain, Best, & Strange, 1981) and/or training (Wang et al., 1999; Logan et al., 1991; Jamieson & Morosan, 1986; Pisoni, Aslin, Perey, & Hennessy, 1982) . Patterns of prosody also differ from language to language. Very young (4-day-old) infants are able to distinguish utterances in their native language from utterances in a nonnative language and, in fact, prefer native-language utterances. These preferences remain even after utterances are subjected to a low-pass filter that serves to mask phonetic and phonotactic characteristics of the stimuli (Mehler et al., 1988) suggesting an early sensitivity to native language prosodic information. Likewise, adult speech processing is also shaped by the prosodic properties of the native language. Speakers of different languages may or may not be able to utilize certain prosodic information (e.g., lexical stress) in language processing depending on the functional use of that information in their native language (e.g., be it lexically contrastive or not) (Klein et al., 2001; Dupoux, Pallier, Sebastian-Galles, & Mehler, 1997) .
In the initial stages of developing a processing schema related to a specific language, the second-language learner usually has a variety of existing processing strategies and networks related to the native language that may aid in second-language acquisition. However, in the case of lexical tone, which is not a salient prosodic characteristic of American English, a network specifically equipped to deal with this type of linguistic distinction would not be expected. Thus, the learner must develop novel processes capable of integrating tones and phonetic contrasts. The results presented here support this expectation.
The activations conserved across all subjects during both pretraining and posttraining tasks involved seven cortical areas that involve known language-and auditoryrelated systems (Hirsch, Rodriguez-Moreno, & Kim, 2001; Cabeza & Nyberg, 2000; Chee, Tan, & Thiel, 1999; Illes et al., 1999; Binder et (BA 22) , suggesting that the initial stages of learning these tone-based linguistic distinctions were associated with an expansion of neural processes within existing putative Wernicke's area. Furthermore, the emergence of posttraining activity in the neighboring left BA 42 suggests additional neural recruitment to perform these new functions. As Wernicke's area is known to be involved in the processing of auditorily complex stimuli (Binder et al., 2000; Binder, Rao, & Hammeke, 1994) , the increased volume of activation as well as the involvement of an annexed neighboring area suggests an increased devotion of resources to the processing of complex lexical tones. These observations support the prediction that, as learning occurs, areas previously specialized for native language processing as well as neighboring areas develop specializations for nonnative language functions (Perani et al., 1996 (Perani et al., , 1998 . A second example of functional neural recruitment was observed by the posttraining emergence of conserved activation in the right prefrontal cortex (inferior frontal gyrus, BA 44). Prefrontal cortex in the right hemisphere has been linked to pitch judgment tasks (Zatorre, Evans, Meyer, & Gjedde, 1992) and the processing of affective prosody (Buchanan et al., 2000) , whereas left hemisphere prefrontal cortex has been linked to processing of lexical tone in native speakers of tone languages when the presented tones have linguistic relevance (Gandour et al., 2000) . The results presented here are consistent with the hypothesis that during the early stages of learning a tone-based language, native speakers of English acquire a novel function (i.e., identification of Mandarin lexical tones) by enhancing an existing system originally specialized for the processing of nonlexical tone. Thus, we speculate that further neural changes might be expected to occur as the linguistic relevance of the tones increases for these nonnative speakers. Interestingly, the most proficient learner (M. R.), who already showed high tone identification performance at pretest and no behavioral improvement from pretest to posttest, activated the same regions as those LH = left hemisphere; RH = right hemisphere; GFi = inferior frontal gyrus; GFd = medial frontal gyrus; GTm = middle temporal gyrus; GTs = superior temporal gyrus; Brodmann's areas are indicated in parentheses.
*Posttest is significantly different from pretest at p < .05.
conserved for the other subjects. However, the amount of overall activation in these areas decreased from pretest (17,789 voxels) to posttest (6,654 voxels) with a similar drop in the total number of activated voxels within Wernicke's area (from 2,469 to 1,440 voxels). Thus, for this one ''advanced'' learner, cortical activity related to lexical tone processing became more focused with training. The possibility of such focused change in cortical activation with higher relative language proficiency has also been noted with visually presented words (Chee, Hon, Lee, & Soon, 2001 ). The pattern observed in this individual raises the possibility of progressive cortical changes with increased proficiency, and suggests that the results of this study, Figure 2 . Summary of cortical effects before and after training. Red circles represent the average locations of the conserved regions present before and after training: GTm, middle temporal gyrus (BA 21); GTs, superior temporal gyrus (BA 22), left inferior frontal gyrus (BA 45 and 44), and left medial frontal gyrus (BA 6) ( Table 2 ). These areas did not vary with respect to average centroid location before and after training (Table 3) . The yellow regions indicate posttraining effects and include the expansion of the active area in left GTs, BA 22 (yellow annulus, Table 4 ) plus the emergence of activity in neighboring left BA 42 (plate +12), and the emergence of activity in right GFi, BA 44 (plate +16). which occur within 2 weeks of training, represent early cortical changes. Taken together, we find that the neural changes associated with lexical tone training include (1) an increase in existing working cortical volume within left superior temporal gyrus (BA 22), (2) recruitment of additional working cortical volume within left superior temporal gyrus (BA 42), and (3) recruitment of additional cortical volume within right inferior frontal gyrus (BA 44). These findings suggest a form of enrichment plasticity in which cortical areas are expanded and/or recruited to perform new language functions similar to those of their original specialization.
METHODS Image Acquisition
A 1.5-T General Electric magnetic resonance scanner was used to obtain T2*-weighted images with a gradient-echo pulse sequence that was sensitive to magnetic resonance signal changes induced by alteration in the proportion of deoxyhemoglobin in the local vasculature accompanying neuronal activation (Ogawa, Lee, Nayak, & Glynn, 1990) . The in-plane resolution was 1.5 Â 1.5 mm and slice thickness was 4.5 mm. Twenty-one contiguous axial slices of the brain, which covered the entire cortex, were taken parallel to the anterior-posterior commissure line. Thirty-six images were acquired for each run: a baseline (resting) period of 10 images (40 sec), a stimulation period of 10 images (40 sec), and a baseline (recovery) period of 10 images (40 sec). The first and last three images were not included in the analysis. For details, see Hirsch et al. (2001) and Kim et al. (1997) .
Subjects
Six native speakers of American English (4 women and 2 men) without speech and hearing impairments participated in the study. All were university students who had taken Mandarin Chinese courses for one semester and had no experience with a tone language prior to learning Mandarin. Participants were right-handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) , and recruited according to institutional informed consent procedures. All were paid for their participation.
Experimental Design
During the first pair of runs, subjects tapped their righthand fingers and thumb while viewing a flashing checkerboard that was back-projected onto a screen located at the foot of the scanner platform. Subjects viewed the checkerboard through a slanted mirror incorporated into the head coil and located above the head. During the second pair of runs, subjects listened to pure auditory tone sweeps through headphones that were designed to reduce background scanner noise. During the last pair of runs, subjects performed the Mandarin lexical tone identification task. Twenty Mandarin words (each with one of the four tones) were presented in each run, with an interstimulus interval of 2 sec. Subjects identified which tone was heard by indicating with za laser pointer secured to the right hand the corresponding tone mark located on the viewing screen. An experimenter recorded subject responses and calculated accuracy scores.
The training consisted of eight sessions of 40 minutes each, during which subjects were trained auditorily to identify the four tones. The training stimuli included 180 monosyllabic Mandarin real words produced by four native speakers of Mandarin. See Wang et al. (1999) for details of the training procedure.
Functional Magnetic Resonance Imaging Data Analysis
Activation of each voxel was determined by a multistage statistical analysis that compared mean amplitude of signals acquired during stimulation and baseline periods. This technique also required statistically significant signal changes on two identical runs (Kim et al., 1997) resulting in an empirically determined false positive rate of p .0001 for each condition. To eliminate the nonspecific visual, motor, and auditory information in the tone identification runs, a ''logical exclusion,'' AND NOT operation, was employed to segregate activity associated with the finger-tapping (motor), checkerboard (vision), and the tone sweep (auditory) functions from the lexical tone identification tasks, presumably yielding activity unique to Mandarin lexical tone identification. Comparison of pre-and posttraining images was based on aligned data sets. Two logical operations were performed on the thresholded images: pre-AND posttraining presumably reflecting regions activated for all conditions (Hirsch et al., 2001 ) and posttraining, NOT pretraining, presumably reflecting activity unique to the postlearning state.
Assignments of anatomical labels were made by two independent investigators based on correspondence between the anatomy and the human brain atlas (Talairach & Tournoux, 1988) . Conventional high-resolution (T1-weighted) images were also acquired along the same plane locations as the T2*-weighted images and served as anatomical references. The stages of assignment included the (1) identification of the brain slice passing through the AC/PC line and location of respective commissures on the axial view, (2) assignment of an atlas plate to each acquired brain slice, (3) identification of the location of the vertical AC/PC plane on all brain slices, (4) identification of the location of the central sulcus on all T2*-weighted slices where it was represented and confirmation of those landmarks on all T1*-weighted images, and (5) assignment of the corresponding anatomical labels, Brodmann's areas, and atlas sectors for each active cluster. The corresponding set of 21 high-resolution T1 images acquired on the same plane lines was employed to clarify all anatomical landmarks on the T2*-weighted images, and, in particular, all representations of the central sulcus. This process was achieved in the same manner for all subjects and yielded a summary tabulation containing anatomical regions, Brodmann's area, and the transformed atlas sectors for each of the clusters of activated voxels. These data were converted from descriptions of individual brains to generalized findings by determination of the anatomical and Brodmann's areas conserved across all subjects. An area is considered conserved if it is present for all subjects in the experiment (Hirsch et al., 2001 ). The ''epicenter'' of activity was calculated as the 3-D center-of-mass for each cluster based on atlas coordinates and then averaged across all subjects (Kim et al., 1997) .
The T2*-weighted images were displayed on the original acquisition grid indicating the actual metric of the brain with an in-plane resolution of 1.5 by 1.5 mm. Each brain region conserved across all subjects was defined for each individual brains by these grid boundaries and all voxel counts reflect activity within these areas defined by the anatomy alone. Since pre-and posttraining scans for each subject were aligned, these areas were identical for both conditions.
